The present study reveals the formation of porous anodic films on titanium at an increased growth rate in hot phosphate/glycerol electrolyte by reducing the water content. A porous titanium oxide film of 12 µm thickness, with a relatively low content of phosphorus species, is developed after anodizing at 5 V for 3.6 ks in 0.6 mol dm -3 K 2 HPO 4 +0.2 mol dm -3 K 3 PO 4 /glycerol electrolyte containing only 0.04%
Introduction
Self-organized porous anodic titanium oxide films have attracted much attention mainly due to their wide potential applications, including dye-sensitized solar cells [1] [2] [3] , photocatalysis [4] [5] [6] [7] [8] [9] [10] [11] , self-cleaning, electrochromism, sensors [12] [13] [14] and biomedical application [15] . The porous anodic titanium oxide films, usually with nanotubular structures, are formed in fluoride-containing 3 electrolytes [16, 17] . Fluoride-free hot phosphate/glycerol electrolyte is also useful to develop porous anodic films on various valve metals, including aluminium, niobium, titanium and tantalum [18] [19] [20] [21] .
The anodic film formed on titanium in such an electrolyte was relatively thin (only ~300 nm) [20] , and the efficiency for film formation was low due to gas evolution [22] . The gas evolution is associated with the development of crystalline oxide in growing anodic titanium oxide [23, 24] . Thus, inhibition of crystalline oxide formation is essential to form thick porous anodic titanium oxide in hot phosphate/glycerol electrolyte at an improved efficiency.
It has recently been reported that the water content in the phosphate/glycerol electrolyte influences significantly the growth rate and composition of the porous films formed on niobium [21] .
When the water content in the electrolyte is reduced to 0.08 mass%, the growth rate of the anodic film at a formation voltage of 10 V is markedly enhanced. Further, phosphate anions are incorporated into the anodic films during anodizing in the electrolyte of reduced water content, whereas an anodic film that is practically free from phosphate is developed in the electrolyte containing 0.2 mass% or higher water contents. In general, the incorporation of foreign species in anodic oxides impedes an amorphous-to-crystalline transition [25] [26] [27] .
In the present study, titanium has been anodized in phosphate/glycerol electrolyte with reduced water content to grow relatively thick porous anodic titanium oxide films. Thick porous anodic titanium oxide films are suitable for many applications, including photocatalysis and dye-sensitized solar cells due to the increased available surface area. 4 
Experimental
The specimens used for anodizing were prepared from 99.5% pure titanium sheet of 0.5 mm thickness. Prior to anodizing, the specimens were electropolished in 1 mol dm -3 NaCl/ethylene glycol solution at 293 K at 20 V for 200 s and subsequently at 5 V for 600 s [28] . The electropolished specimens were anodized at 5 and 20 V in stirred glycerol electrolyte containing 0.6 mol dm In order to estimate the pore size in the anodic films, nitrogen gas adsorption/desorption isotherms were measured at 77 K using a Bel Japan, Belsorp-mini instrument. The pore size distribution was analyzed using BJH method [29] , which is useful for 5 mesopores in the range of 2 to 50 nm size. The structure of the anodic films was identified by X-ray diffraction (Rigaku, RINT-2000) using Cu Kα radiation. Further detailed understanding is the subject of future study.
Results and Discussion
During anodizing at constant voltages, the current density increases by two orders of magnitude at 5 V or one order of magnitude at 20 V by reducing the water content. Thus, a significant influence of the water content is evident during anodizing of titanium, as in the growth of anodic niobium oxide [21] . Since only very thin anodic oxide films, less than 300 nm thickness, were developed in the electrolyte containing 0.1% water, the characterization of the anodic films have been carried out only for the specimens anodized in the electrolyte containing 0.04% water.
Associated with the increased current density by reducing the water content, relatively thick anodic oxide films are formed in the electrolyte containing 0.04% water. respectively, is evident. The porous nature of the anodic films is disclosed in the high magnification images of the outer regions of the anodic films. In the anodic film formed at 5 V, the outer part of the film, ~360 nm thick, has finer pores, compared with the underlying film (Fig. 2a) . The outer layer may 7 be formed prior to attaining the selected voltage of 5 V, when formation of a porous film with finer pore morphology is anticipated. The formation of cylindrical pores, oriented approximately normal to the film/electrolyte interface, is evident in Fig. 2b . The pore size is apparently 10 nm or less. The backscattered electron image (the inset) reveals that the anodic film formed at 20 V consists of two layers. The inner layer, 1.6 µm thick, has a light appearance, which is associated with increased incorporation of phosphorus species in the inner layer, as shown later. Due to atomic number contrast, the inner layer containing light phosphorus species has a light appearance.
Since the pore size is not clearly identified by SEM observations, the pore size distribution has been examined using nitrogen gas adsorption at 77 K. Fig. 3 shows the pore size distributions obtained from nitrogen adsorption isotherms. In this Figure, V p denotes the pore volume and R p is the pore radius. The pore size distributions of the anodic films formed at 5 and 20 V are similar and reveal no significant dependence on the formation voltage. The peak pore radius obtained from the nitrogen gas adsorption is 6 nm, being approximately in agreement with the SEM observation (Fig. 2) . From the pore size distribution, the pore radius is in the range of 3 to 8 nm throughout the film thickness for both the anodic films. Although the pore sizes of the outer and inner layers appear to be different from SEM observations, there is no significant difference in the pore size distributions for the anodic oxide films formed at 5 and 20 V. This is in contrast to porous anodic alumina films formed in aqueous acid electrolytes, in which pore size increases with the rise of formation voltage [30] . Nanotube diameter of the anodic TiO 2 nanotube films formed in fluoride electrolyte also increases linearly with the 8 formation voltage, with the value increasing from 30 nm at 5 V to 100 nm at 20 V [17] . Since a small pore size of ~10 nm is formed in the present electrolyte even at 20 V, the present electrolyte is suitable to form porous films with pores as small as ~10 nm in diameter.
In contrast to the pore size, the composition of the anodic films is dependent upon the formation voltage. GDOES depth profiles of the anodic film formed at 5 V (Fig. 4a ) and 20 V (Fig.   4b ) disclose that the films formed on titanium contain low concentrations of carbon species and oxide-based films are developed in the present organic electrolyte. The oxygen source to form anodic films should be the water impurity in the electrolyte [21] . The phosphate is incorporated into the The phosphorus-incorporated TiO 2 is of interest as a photocatalyst under visible-light irradiation [31] .
A thicker film is developed at 5 V after anodizing for 3.6 ks, compared with the film formed 9 at 20 V (Fig. 2) . initial anodizing at a constant current density of 50 A m -2 for 90 s is 0.5 µm, which is slightly thicker than the outer layer observed by SEM (Fig. 2a) . The growth rate during the initial anodizing at the constant current density may be lower than that after reaching 5 V.
The reduced growth rate at 20 V is associated with the formation of crystalline oxide. The X-ray diffraction pattern of titanium anodized at 5 V showed only broad diffraction peaks, other than the intense substrate peaks, indicating a poorly crystalline nature of the anodic oxide (Fig. 6 ). In contrast, sharp peaks due to the presence of anatase appeared in the pattern of titanium anodized at 20
V. The formation of crystalline oxide induces gas generation during anodizing [22] [23] [24] , such that the efficiency of film growth is reduced.
In this manner, micrometer-thick nanoporous anodic oxide films are developed on titanium by reducing water content in hot phosphate-glycerol electrolyte. In contrast to the formation of anodic titanium oxide nanotube layers in fluoride-containing electrolytes [16, 17] , the present fluoride-free 10 electrolyte provides nanoporous anodic films. Findings indicate that the formation of titanium oxide nanotube or nanoporous layer is dependent upon the conditions of anodizing, not typical in Ti/anodic titanium oxide system. In the present electrolyte, pore size is not dependent upon the formation voltage, in contrast to the increase in pore size of porous anodic alumina and titanium oxide nanotube films. The mechanism of the present anodic nanoporous oxide films on titanium may be somewhat different from that of usual porous and nanotube films in aqueous electrolytes. This is the subject of further study.
Conclusions
Thick anodic titanium oxide films can be formed on commercially pure titanium in hot 
